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Engineered nanoporesDuring release of vesicular content the resistance of the fusion pore sometimes changes rapidly and repeatedly.
However, it is not clear why the pore ‘ﬂickers’. Engineered nanopores often rectify, but how different factors in-
ﬂuence the rectiﬁcation requires clariﬁcation. To better understand the ionic ‘causes’ of pore conductivity and its
changes we simulated ion transport through a short nanopore using Poisson–Nernst–Planck equations, coupling
it to the transport ofwater usingNavier–Stokes equations.Weextracted the potential, concentration, and ionﬂux
proﬁles. In uniformly charged nanopores the voltage bias determineswhich counter-ion ﬂux dominates, and it is
carried by the counter-ions of the highest concentration. In unipolar nanopores this simple rule breaks down. The
dominant counter-ion in the charged half is from the adjacent compartment, but the bias determines what
counter-ion ﬂux is dominant— the same ion (regular bias), or a different and smaller (reverse bias), and this dif-
ference determines the level of rectiﬁcation. In bipolar nanopores the dominant counter-ions in each half are
from the adjacent compartments, and the total ion concentration dips in the middle near the wall. With regular
bias the total ion concentration peaks in the pore center; the ions that carry the current through the nanopore
start as counter-ions and their ﬂuxes are large. With reverse bias the total concentration dips near the wall
and in the center, both dominant ion ﬂuxes through the nanopore start as co-ions and are very small, whereas
those starting as counter-ions do not go through.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Control of ion ﬂow through ion channels and regulation of ion selec-
tivity are very important in biology as they inﬂuence the functioning of
many biological processes [1]. Fusion pores – another type of biological
nanopore – provide a passage for the release of vesicular content [2].
During secretion of their content – molecules (transmitters, hormones,
peptides) and ions – the resistance of fusion pores sometimes changes
rapidly and repeatedly, i.e., they ‘ﬂicker’ [3]. The origin of this ‘ﬂicker’
is not clear. To what extent the ‘ﬂicker’ of the fusion pore is due to the
rapidly changing pore radius, or due to changing intra-vesicular concen-
tration of ions or transmitter, or due to change in the fusion pore wall
ﬁxed charge density is not known. The presence of ‘ﬂicker’ would alter
the amount of the transmitter or hormone released and thus the pre-
synaptic quantal size. This would in turn determine the response to
the transmitter released from a single vesicle; [4,5]. To fully understand
this problem it is necessary to evaluate the conductivity of the
nanopores under a variety of conditions and what factors inﬂuence it.
Whereas the measurements of the conductance of nanopores such asy, McGill University, 3655 Sir
.
vinović).biological ion channels (or fusion pores) are simple, themechanisms in-
volved in determining their conductivity are quite complex and are still
poorly understood [6].
Nanopores with subnanometer radius, differing in shape and with
chosen surface charge density and distribution, can now be manu-
factured usingmodern nanofabrication techniques [7]. Such engineered
nanopores havemanyuseful applications [8]. One of themost useful ap-
plications of such nanopores is as rectiﬁers, i.e., as devices that have
asymmetric current–voltage characteristics [9]. The rectifying nano-
pores resemble semiconductor diodes [10] and can be used as compo-
nents of ionic circuits to switch and re-direct the ﬂow of ions. Indeed,
the nanoporeswith the characteristics of diodes have been used recent-
ly to create ionic logic gates [11,12]. In ionic transistor type devices the
charge is carried by ions (or generally charged molecules) [13], and ion
mobility is well below that of the holes and electrons in conventional
semiconductor transistors. However, they transmit not only charges,
but also chemical information that is variable and can be highly speciﬁc,
and can regulate and control different chemical and biological processes
[14]. Unipolar nanopores (where one half of the nanopore is uniformly
charged, and another half is neutral) may be used as nanoﬂuidic diodes.
However, devices with uniformly charged zones with the same charge
density of opposite polarity are the most promising as highly per-
forming diodes. For one voltage polarity these bipolar diodes can have
2139M. Tajparast et al. / Biochimica et Biophysica Acta 1848 (2015) 2138–2153currents that are much (N100 times) higher than those having the op-
posite voltage polarity [15–17].
What causes rectiﬁcation? It has been argued that rectiﬁcation oc-
curs because ions can enter into the nanopore to produce a steady
ﬂow of current if the bias is regular, but with reverse bias they move
out of the pore and cannot be replenished resulting in a current that is
very small [10]. For rectiﬁcation to be observed all ions need to interact
with the charges on the wall requiring the pore radius to be sufﬁciently
small. Rectiﬁcation also depends on the length of the nanopore. In
unipolar diode the depletion zone (the regionwith low ionic concentra-
tions) is formed in the neutral zone, which thus needs to be sufﬁciently
long for signiﬁcant rectiﬁcation to be observed [18]. In contrast, the de-
pletion zone in bipolar diodes exists between regions with positive and
negative surface charges, which limits less our ability to shrink longitu-
dinally the nanopore. The bias should also inﬂuence the conductivity–
radius (and thus the rectiﬁcation–radius) relationship in short unipolar
and bipolar nanopores. If the bias is regular the conductivity of the
nanopore will be high, it will decrease if the pore widens, but if it is
low (reverse bias) it will increase greatly with pore widening. We ex-
pect that the conductivity is typically nonuniform within the nanopore
(unipolar or bipolar). However, is the conductivity not just within the
depletion layer, but throughout bipolar nanopore, very low if the bias
is reverse?Finally, does the rectiﬁcation of bipolar nanopores increase
not only if it becomes narrower, but also if the charge density on the
wall increases [19]? To better understand themechanisms determining
pore conductivity and rectiﬁcation we look into how ionic ﬂuxes and
their spatial distribution are affected as rectiﬁcation changes.
We simulated the transport of K+, glutamate−, Na+ and Cl− through
a nanopore using the Poisson–Nernst–Planck equation. This was
coupled to the transport of water using the Navier–Stokes equa-
tions [19,20]. The computational domain consists of a charged, narrow
(r = 1–4 nm) and short (L = 10 nm) cylindrical nanopore ﬂanked by
two compartments, one representing the intra-cellular (or intra-
vesicular) space, and another the extra-cellular space, which are sepa-
rated by the membrane. In such a nanopore the interactions of ions
with the charges on thewall are as a rule strong. Between two compart-
ments there are concentration, potential and pressure gradients. The
concentrations of ions in two compartments ﬂanking the nanopore
(K+ and glutamate− or Glu− in the upper compartment, and Na+ and
Cl− in the lower compartment) are the same, but their diffusion con-
stants differ.
2. Methods
2.1. Mathematical model
The Poisson–Nernst–Planck (PNP) equations (composed of the
Poisson (1) and Nernst–Planck (3) equations) were used to calculate
ionic ﬂuxes within and outside of the nanopore. The Poisson equation
evaluates the electrostatic potential (Φ):
−∇:ε0εr∇Φ ¼ ρe ð1Þ
where ε0 gives the permittivity of vacuum, εr stands for relative permit-
tivity of solution, and∇ is the gradient operator. The charge density ρe is
calculated as follows:
ρe ¼ F
X
zaca ¼ e
X
zana
 
: ð2Þ
F stands for Faraday constant (9.648 × 104 C/mol), za denotes the va-
lence of ion a, ca accounts for themolar concentration of ion a [mol/m3],
na is the number density of ion a.Note that International Systemof Units
are used in these simulations, andmol/m3 translates to mmol/l (or sim-
ply mM). The factors that also impact the potential within the simula-
tion space are the ﬁxed charges on the wall, the mobile charges in the
solution and the potential at the controlling edges.The Nernst–Planck equation describes the movement (by convec-
tion–diffusion–migration) of ions in the solution:
Ja ¼ uca−Da∇ca−maza Faca∇Φ ð3Þ
where Ja, Da, and ma stand for molar ﬂux [mol/(m2s)], diffusivity, and
mobility of ion a (ma=Da/(RT)), respectively;u accounts for ﬂuid veloc-
ity, while F, R and T are Faraday constant, gas constant [8.31 J/(mol · K)],
and absolute temperature (in Kelvin), respectively. The following equa-
tion accounts for the conservation of ionic mass at steady state:
∇:Ja ¼ 0: ð4Þ
The following expression deﬁnes the divergence operator in the cy-
lindrical coordinate system:
∇:J ¼ 1
r
∂
∂r
r Jrð Þ þ
∂ Jz
∂z
ð5Þ
where Jr and Jz are the r- and z-components of vector J.
The ﬂuid velocity u that drives the convective movement of ions in
the solution is estimated using the Navier–Stokes (NS) equations at
the steady state as follows:
ρ f u:∇uð Þ ¼−∇pþ ∇: μ ∇uþ ∇uð ÞT
h ih i
þ Fe ð6Þ
∇:u ¼ 0: ð7Þ
The conservation ofmomentum is given by Eq. (6), whereas themass
conservation is described through Eq. (7). Fe stands for the electric force
per unit volume (Fe=−ρf∇Φ). In the equations given above ρf, μ, and p
denote the density, viscosity, and pressure of the ﬂuid respectively.
2.2. Geometry of simulation domain, parameters and boundary conditions
Fig. 1A depicts the simulation domain comprising the cylindrical
nanopore, piece of the membrane, and two compartments on two
sides of the nanopore indicating an intracellular (or intra-vesicular)
space and an extra-cellular (or extra-vesicular) space. The total length
of the simulation space was 30 nm, and the length of the nanopore
(L) and of both compartments representing the vesicular and extra-
cellular spaces were 10 nm each. The nanopore radius R ranged from
1.0 to 4.0 nm, whereas the radius W of the compartments representing
the vesicular and extracellular spaces was 11.0 nm.
The boundaries are enumerated in Fig. 1B, and Table 1 lists the
boundary conditions for electro-statics, electrokinetics and ﬂuidics. In
this study we consider that glutamate is negatively charged, with a sin-
gle negative charge, which remains constant throughout simulations
(the glutamate is thus considered as an anion, and. the complexities of
the shape of this molecule are ignored). We also assume that the posi-
tive ion in the vesicle is potassium. The sodiumwould have been a phys-
iologically better choice, but we chose potassium to distinguish it from
sodium in the extra-cellular compartment. It should also be noted that
the surface charge density (σ) on the internal wall of the nanopore
(boundary 5) including the curved parts at both ends (boundary 5) of
64 mC/m2 is equivalent to 30.8 unitary charges for a 1.0 nm radius
nanopore (or 114.6 unitary charges for a 4.0 nm nanopore). These
values agree well with the values reported previously for the cell mem-
brane (one elementary negative ﬁxed charge per 1–4 nm2, which is
equal to a charge density of 40–160 C/m2; [21,22]).
The ﬁnite elementmethod was used to evaluate the coupled system
of PNP and NS equations. The diffusion constants for ions, transmitters
and hormones diffusing in free aqueous solution are known [1,23]. It
is less clear what the values may be in the conﬁned space of the
nanopore, where the non-electrostatic and electrostatic interactions
with its walls [24] will restrict their movement. To simplify the
Fig. 1. A) The hemi-section of the simulation space, which includes the cylindrical
nanopore, two compartments (one on each side) and the patch of membrane separating
them. The rotation of the hemi-section about the central axis by 180o generates the 3D-
model. The radius R of the nanopore ranges from 1.0 to 4.0 nm (see Results), and its length
L is 10 nm. The radiusWof the two compartmentsﬂanking the nanopore is 11 nm. The total
length of the simulation domain is 30.0 nm. The radii of curvature at the pore entrance and
exit are 1.0 nm. B) Axial symmetry condition applies on all variables along the axis of the
nanopore (boundary 4). The Nernst–Planck boundary conditions were concentrations of
K+–glutamate− on two external controlling edges of the upper compartment (boundaries
1) andNa+–Cl− on the edges of lower compartment (boundaries 2). At the solution–mem-
brane interface (boundaries 3 and 5) the boundary condition (Nernst–Planck) was insula-
tion/symmetry, and no-slip (Navier–Stokes). The Poisson boundary condition was the
surface charge on the internal wall of the nanopore including the curved parts (boundary
5) and on the external wall. All boundary conditions values are shown in Table 1.
Table 2
Model constants and parameters.
Params Value Unit Description Refs
e 1.602 × 10−19 C Elementary charge
R 8.314 J/(mol · K) Universal gas constant
D1 1.960 × 10−9 m2/s Diffusion coefﬁcient of K+ ions [1]
D2 0.760 × 10−9 m2/s Diffusion coefﬁcient of
glutamate−
[23]
D3 1.330 × 10−9 m2/s Diffusion coefﬁcient of Na+ ions [1]
D4 2.030 × 10−9 m2/s Diffusion coefﬁcient of Cl− ions [1]
D5 0.790 × 10−9 m2/s Diffusion coefﬁcient of Ca2+ ions [1]
T 300.0 K Temperature
μ 1 mPa · sec Fluid viscosity [20]
e0 8.854 × 10−12 F/m Permittivity of vacuum
erw 80.0 Dimensionless Relative permittivity of solution [20]
erm 2.0 (or 8.0) Dimensionless Relative permittivity of
membrane
[20]
ρm 785.0 kg/m3 Membrane density [20]
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electric constant and speciﬁc viscosity) are spatially uniform, isotropic
and the same as in the aqueous solution. The values of all constants
and parameters are given in Table 2.
Electrophysiological studies suggest that ion channels and fusion
pores are similar [3]. However, whereas an ion channel is known to be
formed of well-characterized proteins, the composition of a fusionTable 1
Boundary conditions.
Boundary Electrostatics
B1 Electric potential Vu (−80 mV to +80 mV)
B2 Electric potential Vd (0 mV)
B3 Surface charge density (0 C/m2)
B4 Axial symmetry
B5 Surface charge density σe (0–64 × 10−3 C/m2)
B6 Zero chargepore is less clear [25]. If it starts as a protein it becomes progressively
more lipidic as the pore dilates. Irrespective of how the fusion pore is
envisioned it (like an ion channel) forms a water-ﬁlled nanopore con-
trolling the transport of ions and transmitters. The permeation through
a nanopore is determined by its geometry, by the permittivity of the
pore-formingmaterial, and by the charges on its walls. Wemake the as-
sumption that the pore is cylindrical. This is a simplifying, but necessary
assumption. The permittivity of the pore-forming material is assumed
to be low. We take it to be 2, a value that is close to the values reported
for lipid membranes and proteins, which are both low [20].
The charges on the walls of the proteinaceous pore result from the
presence of bound ions, amino acid side chains and the carboxy- and
amino-termini. However, the charge on amino acid side chains is inﬂu-
enced by the pH of the solution and the pKA of the side chains. The
deprotonated form predominates if the pH is above the pKA of a
group. If so the charge on acidic side chains approaches −1 and on
the basic side chains it is near 0. In contrast, the protonated form of
the group dominates if the pH is below the pKA of a group, leaving the
acidic side chains with a charge near 0 and the basic side chains with
a charge near +1. In lipidic (or partly lipidic) nanopores the charges
on the polar heads of the lipids forming the nanopore will also be pH-
sensitive. It is thus clear that the charge density on thewall of the fusion
pore will be inﬂuenced by the pH of the solution in the pore which dur-
ing secretion will depend on both the intra-vesicular and extra-cellular
pH. Given that the interior of a vesicle is acidiﬁed prior to release [26],
the opening of the fusion pore should lead to a progressively more pos-
itively charged pore wall. Note also that as the pore dilates its lipid con-
tent may rise. If so, it may become a dominant component of the pore
wall. Negative charge on the phosphatidylserinewill be present togeth-
er with positive charges induced by the intra-vesicular low pH. Finally,
the pore wall charge density will generally not be uniform, and the de-
gree of non-uniformity will change with time.
2.3. Assumptions of continuummodeling of transmitter and ion transport in
nanopores
The classical Poisson–Nernst–Planck equation assumes the ions as
inﬁnitesimally small, and ion–water and ion–wall and the ion–ionElectro-kinetics Fluidics
K+–glutamate− (15 to 150 mM) Pressure (0 to 500 kPa)
Na+–Cl− (15 to 150 mM) Pressure (0 kPa)
Insulation symmetry No-slip and no-penetration
Axial symmetry Axial symmetry
Insulation symmetry No-slip and no-penetration
NA NA
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pects of such interactions are not considered. Moreover, in Navier–
Stokes equations theﬂuid density is assumed not to change signiﬁcantly
over intermolecular distances. However, molecular dynamics simula-
tions have shown that the ion distributions near the channelwall are in-
ﬂuenced by the ion–water and ion–wall and interactions, as well as by
the ﬁnite size and discreteness of the ions and water molecules [24].
These contributions, which may be important for very narrow pores,
are considered as being beyond the scope of this study. The simulations
in this study are stationary even though the radius of the fusion pore
changes. Since the changes of radius are much slower than the ion
transport through the nanopore the problem can be considered as
quasi-static.
3. Results
3.1. Spatial proﬁles of potential and ion concentration in uniformly charged
nanopores
In order to evaluate how the pore wall charge patterning alters the
potential and concentration proﬁles we ﬁrst present such proﬁles in a
uniformly charged nanopore. As expected the potential in the nanopore
is under strong dual inﬂuence of the ﬁxed charges on the pore wall and
the voltage bias (Fig. 2A1–A2). Given that the pore is narrow (its radius
is 1 nm) and that the density of ﬁxed charges on the pore wall is high,
the co-ions are almost completely excluded from the nanopore, even
in the pore center, where the repulsive interactions with the pore wall
charges is the weakest (Fig. 2B1–B2 and C1–C2). Note that the co-ions
are the ions of the same charge (and counter-ions of the opposite
charge) as those of the ﬁxed charges on the wall. The counter-ion
(Glu− and Cl−) concentrations are much higher, especially near the
wall (0.05 nm from the wall), owing to the attractive interactions
with the pore wall charges, and much higher than the corresponding
values in the compartments ﬂanking the nanopore. The concentration
levels of counter-ions are elevated (and of co-ions depressed) due to
the need to maintain the approximate electrical neutrality of the
nanopore [27]. Indeed, the excess concentration (the concentration dif-
ference between counter-ions and co-ions) remains almost constant
axially near the wall and in the pore center, but its values are lower in
the center. Moving downwards Glu− concentration in the nanopore
gradually decreases, whereas the Cl− concentration increases. Their
concentration peaks are near the corresponding entrance of the
nanopore (Glu− peak at the top and Cl− at the bottom). Out of the
nanopore their concentration drops precipitously to the level in the cor-
responding compartment. Finally, the potential at the upper controlling
edges (Vu) determines which of two counter-ions dominates in the
nanopore. If Vu is negative (−80 mV) Glu− dominates, and if it is posi-
tive (+80 mV) Cl− dominates. The potential at the lower controlling
edges (Vd) was in both cases 0 mV.
3.2. Spatial proﬁles of potential and ion concentrations in unipolar
nanopores
Fig. 3A1–A2 depict the potential proﬁles within the unipolar
nanopore (the lower half was charged with a charge density of
+64 mC/m2). In both cases the Vd was 0 mV, but Vu was –80 mV (re-
verse bias; left panels) or +80 mV (regular bias; right panels). Greater
potential in the charged half of the nanopore is highly localized regard-
less of bias, but if the bias is regular the potential due to ﬁxed charges is
superimposed on a potential at its low end (Fig. 3A1), whereas with the
reverse bias it is superimposed on a potential at its high end (Fig. 3A2).
As a result not only the potential but also the concentration proﬁles are
very different.
If the bias is regular one counter-ion dominates in the charged half of
the nanopore and comes from the compartment ﬂanking it (Cl−). The
concentration of other counter-ion (Glu−) is much lower even nearthe wall (Fig. 3B2). However, in the pore center K+ (co-ion) concentra-
tion is signiﬁcant, whereas the concentrations of Glu− and Na+ are low.
However, in the uncharged half the concentration of both counter-ions,
and of one co-ion (K+) are all comparatively high. K+ ions are attracted
by the high concentration of Cl− in the upper half, and by the positive Vu
(Fig. 3C2). If the bias is reverse the concentrations of both counter-ions
are comparatively high in the charged half of the nanopore (although
Cl− dominates) and the co-ions are again excluded. However, unlike
with regular bias in the uncharged half the concentrations of all ions
are suppressed (Fig. 3B1 and C1), and this has important implications
for the ion ﬂow through the nanopore (see below). Finally, note that
whereas with regular bias the total ion concentration in uncharged
half is below that in the charged half, but is clearly above that outside
of the nanopore, with reverse bias it is below that outside of the
nanopore.
3.3. Spatial proﬁles of potential and ion concentrations in bipolar nanopores
In bipolar nanopores both positive and negative ﬁxed charges are
present on the wall. As in unipolar nanopores the potential proﬁles
change rapidly axially and the effect of ﬁxed charges is highly localized
(Fig. 4A1–B1). However, the potential difference where two halvesmeet
is much greater with reverse bias (Fig. 4A2). The concentration proﬁles
also differ signiﬁcantly, especially in the middle. With reverse bias only
one type of counter-ion is present in each half of the nanopore (and
comes from the adjacent compartment; K+ in the upper and Cl− in
the lower compartment), and this holds true throughout the nanopore
including in the pore center (Fig. 4B2–B3). The counter-ions from the
compartment that is not adjacent (Na+ in the upper and Glu− in the
lower compartment) do not enter because of electro-static forces that
move them back, and co-ions (Glu− in the upper half and Na+ in the
lower half) are also excluded. Finally, there are effectively no ions of
any kind in the middle of the nanopore. If bias is regular, the total con-
centration within the nanopore is signiﬁcantly higher, dips in the mid-
dle of the nanopore near the wall but only a little (Fig. 4A2), and in the
pore center it peaks instead (Fig. 4A3). In each half of the nanopore
one counter-ion from the adjacent compartment dominates (K+ ions
in the upper half and Cl− ions in the lower half), but are conﬁned exclu-
sively to one half of the nanopore, and present also in the other half at
comparatively high concentration especially in the pore center. There
are however no Glu− or Na+ ions in the nanopore. The excess concen-
tration (near thewall and in the pore center) is essentially independent
of the voltage bias. Note also that the values are similar to those in the
charged half of the unipolar nanopores and in the uniformly charged
nanopores. The approximate electrical neutrality is well maintained
near the charged parts.
Given that the ion depletion in themiddle of the bi-polar nanopore is
taken as the cause of the rectiﬁcation (see Discussion),we quantify such
changes for differentﬁxed charge densities. Fig. 5A depicts the axial pro-
ﬁles of the total ion concentration near thewall for four different charge
densities. The total ion concentration is high within each oppositely
charged half of the nanopore, and low in the middle of the nanopore.
The depletion is clearly higher at higher charge densities (Fig. 5B), but
the width of the depletion layer (estimated at 50% depletion) is
narrower (Fig. 5C). Finally, the concentration minimum diminishes
greatly as the charge density rises (Fig. 5D).
3.4. Ion ﬂuxes in uniformly charged nanopores
Given the cylindrical geometry of the nanopore, the ion ﬂuxes can be
either axial or radial. The upward (or inward; i.e., from the extra-cellular
into intra-vesicular space) axial ﬂuxes are considered as positive,
whereas the downward (or outward; i.e., from the intra-vesicular into
extra-cellular space) ﬂuxes are considered as negative. Positive radial
ﬂuxes are from the center towards the wall, and negative from the
wall towards the center. Fig. 6 gives the 2D color plots of axial ﬂuxes
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Fig. 2. The effect of the voltage bias on the potential and ion concentration spatial proﬁles in a uniformly and positively charged nanopore. The color coded 2D distributions of the potential
and of counter-ion (Glu− and Cl−) concentrations as wall as those of co-ions (Na+; left panel or K+; right panel) are shown on the top for a narrow (r= 1 nm) nanopore. Calibration bars
are as indicated. A1–A2) Potential proﬁles. B1–B2) The ion concentration proﬁles, their sum (total) and the excess (cationminus anion) concentration near thewall. The co-ions are exclud-
ed, whereas the counter-ion concentrations are high. Glu− predominates throughout the nanopore if Vu is negative (regular bias), and Cl− if it is positive (reverse bias). C1–C2) In the pore
center the concentration proﬁles are qualitatively similar, but lower and the exclusion of the co-ions is less pronounced. Thepotential at the upper controlling edges (Vu)was−80mV(left
panels) or +80 mV (right panels), but at the lower controlling edges Vd was in both cases 0 mV. The pressure at the upper (pu) and lower (pd) controlling edges was 500 kPa and 0 Pa,
respectively. K+–glutamate− was 150 mM and Na+–Cl− 0 mM (upper edges), and reverse at the lower edges. Charge density on the pore wall was +64 mC/m2.
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sess the changes induced by the pore wall charge patterning in unipolar
and bipolar nanopores (see below). When nanopore is narrow (r =
1 nm), the ﬂuxes are largely carried by counter-ions (Glu− and Cl−),
and are higher near the charged wall surface (Fig. 6B and E), whereas
those of co-ions (K+ and Na+) are much lower, and largely conﬁnedto the pore center (Fig. 6C and F). The voltage bias strongly inﬂuences
all ﬂuxes. With regular bias Glu− downward ﬂux clearly predominates
over Cl− upward ﬂux (Fig. 6A–B), whereas the much smaller upward
Na+ ﬂux is greater than the downward K+ ﬂux (Na+ and K+ are co-
ions; Fig. 6C). If the bias is reverse the inward Cl− ﬂux predominates,
the outward Glu− ﬂux is negligible (Fig. 6D–E), but downward K+
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nally, note that the radial proﬁles of all ionﬂuxes at the upper and lower
virtual edges are very similar, and that the higher the ion concentration
within the nanopore the higher its ﬂux.
The secretory vesicles contain Ca2+ [28], andwe now assess how this
may affect the ﬂux of other ions or charged particles. Fig. 7 gives the 2D
color plots of the axial ﬂuxes in a uniformly and negatively charged nar-
row (r = 1 nm; the charge density was−64 mC/m2) nanopore, in the
absence (upper panels) and in the presence of 10 mM Ca2+ in theintra-vesicular compartment (lower panels). Vu was either −80 mV
(left panels) or +80 mV (right panels). We only show the ﬂuxes in the
negatively charged nanopore, because Ca2+ (as a co-ion) does not
enter into the positively charged nanopore (even when comparatively
wide; not shown) and its effect on the axial ﬂuxes of other ions is mini-
mal. As both the plots of the axial (Fig. 7A1–A2 and C1–C2) and radial
ﬂuxes reveal (Fig. 7B1–B2 and D1–D2), the ﬂuxes are almost entirely car-
ried by counter-ions. If Vu=−80mV the Na+ ﬂux dominates, and Ca2+
presence in the upper (intra-vesicular compartment) does not visibly
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2145M. Tajparast et al. / Biochimica et Biophysica Acta 1848 (2015) 2138–2153alter it or other ﬂuxes, but if Vu=+80mV the K+ ﬂux,which nowdom-
inates, is reduced if Ca2+ is present in the upper (intra-vesicular com-
partment), being replaced by the Ca2+ ﬂux.3.5. Ion ﬂuxes in unipolar nanopores
Charge patterning on the wall of the unipolar nanopores leads to
proﬁles of axial and radial ion ﬂuxes that are very different from those
of the uniformly charged pores. Axial ion ﬂuxes near the wall are fairly
constant axially within each half (charged or uncharged), are higher
near the charged half than near the uncharged half, and change rapidly
in themiddle of the nanopore where the charged and uncharged halves
meet (Fig. 8A andD). Unlike the case in the uniformly charged pores the
dominant counter-ion ﬂux always comes from the compartment
ﬂanking the charged half of the nanopore regardless of the voltage
bias. With charging pattern as shown the Glu− ﬂux dominates if Vu is
negative (reverse bias). The Cl− ﬂux is not dominant, but its ﬂow de-
serves a comment. In the lower (charged) half Cl−, ions move upwards
near thewall, but in the pore center theymove downwards (Fig. 8B; see
also fourth left panel). Near the wall, Cl− ions are attracted by the pos-
itive charges on the wall, whereas in the pore center they are repelled
by the potential gradient along the axis of the nanopore. If Vu is positive(regular bias) the Cl− ﬂux dominates. In the pore center of the un-
charged half the Cl− ﬂux is greater than in the center of the charged
half (no ion sinks or sources in the pore), and its radial distribution be-
comes quite uniform radially. Finally, note that both counter-ion ﬂuxes
(Glu− and Cl−) near the wall of the charged half are clearly lower than
those near the wall of the uniformly charged nanopore with the same
charge density (Fig. 6A and D). The co-ion ﬂuxes are smaller. Na+ and
K+ ﬂuxes dominate for reverse and regular bias respectively, but the
K+ ﬂux is clearly greater (Fig. 8C and F).
3.6. Diffusive, migratory and convective ﬂuxes in uniformly charged and in
unipolar nanopores
To further elucidate the nature of the ion ﬂow within the nanopore
we evaluatedwhat contribution the convective, diffusive andmigratory
ﬂuxesmake to the overall ion ﬂux.We restrict our attention to Glu− and
Cl− ﬂuxes, as these are counter-ions and dominate the ion ﬂow through
positively charged nanopores (uniformly charged or unipolar). Given
that the nanopores evaluated in this study are very narrow (r =
1 nm), it is to be expected that the convective ﬂux of any ion will be
very small, and this is the case (Fig. 9). As shown above (Figs. 2 and 3)
the concentration and the potential gradients in the unipolar (but also
in the uniformly charged) nanopores are very high near points where
charged and uncharged parts are in contact. The diffusive andmigratory
axial ion ﬂuxes ought also to be high near such points, and they are. As
Fig. 9A–C show they are indeed both very prominentwhere the charged
part of nanoporemeets the uncharged part, but they oppose each other
though not completely. We also show the Cl− diffusive and migratory
ﬂuxes with lower half charged. They are larger (their diffusion constant
is greater than that of Glu−), but they oppose each other more
completely, and as a result their sum is even smaller, though not negli-
gible (Fig. 9D).
3.7. Ion ﬂuxes in bipolar nanopores with regular and reverse bias
The ion ﬂuxes in the bipolar nanopores are the result of same inﬂu-
ences — the voltage bias and the potential generated by the ﬁxed
charges on the pore wall, and concentration gradients. However, the
charge distribution is different, and the ﬂuxesmore complex. Both bipo-
lar nanopores we evaluated had the upper half negatively charged and
the bottom half positively charged, and the charge density was in both
cases the same (64 mC/m2). The bias was changed by altering the Vu
and Vd (‘Regular bias’; Vu = +80 mV and Vd =−80 mV or ‘Reverse
bias’ — Vu =−80 mV and Vd =+80 mV).
If the bias is reverse, all ion ﬂuxes are very small, but deserve de-
tailed description (Fig. 10). K+ ions are counter-ions in the upper half,
and the concentration gradient tends to move them downwards, the
external electric ﬁeld tends to move them upwards, and the electrical
ﬁeld due to the ﬁxed (negative) charges tends to move them towards
the wall. As a result of these forces in the upper half in the pore center
they move downwards, but near the wall they move upwards
(Fig. 10A1–C1). They do not enter in the lower half (Fig. 10D1 and
D2a). The radial K+ ion ﬂuxes in the upper half of the nanopore are neg-
ative (i.e., towards the center; Fig. 10C2a), and zero in the lower half
(Fig. 10A2). Cl− ions (they are co-ions in the negatively charged upper
half and counter-ions in the positively charged lower half) are inﬂu-
enced by similar forces. Their axial ﬂux is zero in the upper half
(Fig. 10A1–C1). In the lower half it is upwards near the wall (Fig. 10A1
and D1), but downwards in the pore center (Fig. 10B1 and D1). Cl−
ions also remain in the same half of the nanopore where they entered.
Thus both ions that entered the corresponding half of the nanopore as
counter-ions do not go through the nanopore.
Glu− and Na+ enter as co-ions at opposite ends of the nanopore.
Glu− ions move downwards in the upper half, and being co-ions their
ﬂux is very small and present largely in the pore center. In the lower
part, where they are counter-ions, they continue moving downwards,
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2146 M. Tajparast et al. / Biochimica et Biophysica Acta 1848 (2015) 2138–2153but near the wall (Fig. 10A1–D1). Note that the radial Glu− ﬂux is posi-
tive in the middle of the nanopore, indicating the movement of Glu−
ions towards the wall (Fig. 10B2). The radial Glu− ﬂuxes are also pro-
nounced near the wall at the entry (i.e. at the upper end) and at the
exit (i.e. at the lower end). The Na+ ion ﬂux can be considered as a mir-
ror image of the Glu− ﬂux. Na+ ions enter from the lower compartment
into the nanopore as co-ions andmove upwards largely in the pore cen-
ter. In the upper half they continue upwards, but near the wall
(Fig. 10A1–D1). Finally, the excess ﬂux (deﬁned as the difference of the
cation and anion ﬂuxes) is upwards, but in the upper half it is near the
wall and in the lower half in the center (Fig. 10A–B). With reverse bias
the current through the pore is very small being carried not by
counter-ions but by co-ions.The ion ﬂuxes aremuch greater if the bias is regular, and have differ-
ent axial and radial proﬁles. The excess ﬂux is entirely dominated by the
ﬂux of ions entering the pore as counter-ions (Fig. 11A1–D1). K+ (a
counter-ion in the upper half) ﬂows downwards largely near the wall,
and continues downwards, but in the pore center (Fig. 11A1). As expect-
ed its radial ﬂux is negative in the middle of the nanopore (Fig. 11A2).
The Cl− (counter-ion in the lower half of the nanopore) ﬂux mirrors
that of the K+ ﬂux. Cl− moves upwards near the positively charged
wall, and continues upwards in the upper half of the nanopore (where
it is a co-ion), but near the pore center (Fig. 11A1–D1). Glu− and Na+
ﬂuxes (Glu− is a co-ion in the upper half and Na+ in the lower half of
the nanopore; i.e., at their corresponding entry points) are much small-
er and can be ignored. Finally, note that the excess ﬂux, which is quite
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2D panels).
4. Discussion
4.1. Background information
In free solution, conductivity is largely determined by the ion con-
centration, increasing as the ion concentration rises. However, in
nanopores the ions come into close contact with the pore wall and its
charges. Pore conductivity is therefore signiﬁcantly inﬂuenced by thepore radius, ﬁxed charge density and charge patterning on the pore
wall, as well as voltage bias and the concentration of ions outside of
nanopore [19]. Moreover, the conductivity is spatially non-uniform
within unipolar and especially bipolar nanopores. To better understand
what determines the conductivity within nanopores we evaluated how
the potential, the ion concentrations and ﬁnally the ﬂuxes are distribut-
ed within such nanopores, and how these distributions are inﬂuenced
by the voltage bias and the ﬁxed charges on the pore wall. We focused
on short (10.0 nm long) cylindrical and generally narrow (1–4 nm radi-
us) nanopores. They are of great interest in biology, because fusion
pores and to a lesser extent, ion channels have similar geometry, but
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The pu was 500 kPa and pd was 0 Pa.
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gresses. We considered three idealized situations— uniformly charged,
unipolar (one half charged and another half uncharged) and bipolar
(both halves charged with the same charge density, but with opposite
polarity) nanopores, and explore the differences induced by the voltage
bias (regular and reverse).
The problem was approached numerically. Whereas analytical solu-
tions are available for slit pores [29,30], there is no analytical solution tothe Poisson–Nernst–Planck equations for cylindrical pores [30]. An addi-
tional limitation is that we study very short (10.0 nm length) nanopores,
whereas the analytical solutions are better suited for the analysis of very
long nanopores. Our simulations included external reservoirs, and this is
relevant because the nanopores are very short, and conductivity changes
signiﬁcantly not only inside the pore but also in the regions near the pore
entrance [19]. We thus needed to evaluate how ionic concentration and
electric potential change outside of the nanopore.
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theupper half charged; B or the lower half; C) thediffusive andmigratory Glu−ﬂuxes in themiddle of the nanopore are very large. The total ﬂux is fairly constant in both halves, but higher in
the charged half. D) Diffusive andmigratory Cl− ﬂuxes are even greater in a unipolar nanopore (lower half charged). The total ﬂux is negligible as they almost completely balance each other.
Regardless ofwhether the nanopore is uniformly charged or is unipolar the convective ﬂuxes are very small. The charge density on the charged parts of thewall of the uniformly charged and
unipolar nanopores was +64 mC/m2. Vu was−80 mV and Vd was 0 mV. On the upper controlling edges the concentrations of K+–glutamate− and Na+–Cl−were 150 mM and 0 mM re-
spectively, whereas on the lower controlling edges they were 0 mM and 150 mM. The pu was 500 kPa and pd was 0 Pa.
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bipolar nanopores
The axial potential proﬁles in uniformly charged nanopores are ‘sim-
ple’ — ascending or descending depending on the voltage bias, but the
charge patterning on thewall makes themmore complex by enhancing
or depressing them or both. The changes are spatially highly localized,as are those of ion concentrations. As indicated by the excess concentra-
tion (the concentration difference between counter-ions and co-ions)
the approximate charge neutrality is maintained down to a very small
scale. In a narrow (r = 1 nm) unipolar nanopore the excess concentra-
tion diminishes from N600mM in the charged half of the pore to essen-
tially zero in the uncharged half over a distance of 1–2 nmnear thewall.
Even in the pore center the change is very rapid. In bipolar nanopores
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Fig. 10. Axial and radial ion ﬂuxes in a bi-polar nanopore with reverse bias. The color coded 2D distributions of the axial ﬂuxes of the individual ions and of the excess ﬂux deﬁned as the
difference between cation and anion ﬂuxes (left panels), and of the radial ﬂuxes (right panels). Calibration bars are as indicated; the ﬂuxes are in mol/(m2s). A1–B1) The axial proﬁles of
axial ion ﬂuxes and of the excess ﬂux near thewall (A1), and in the pore center (B1). C1–D1) The radial proﬁles of the axial ion ﬂuxes and of the excess ﬂux at the upper (C1) and lower (D1)
virtual edges. A2–B2) The axial proﬁles of the radial K+ (A2) and Glu− (B2) ﬂuxes. C2–D2) The radial proﬁles of the radial K+ and Glu− ﬂuxes at the upper (C2a–C2b) and lower (D2a–D2b)
virtual edges. Note how small the ﬂuxes (axial and radial) of counter-ions are, much smaller than in the bipolar nanoporewith a regular bias, and are comparable in amplitude to those of
co-ions. The Vu and Vd, and the charge density on thewalls (upper and lower half) of the nanopore are as indicated. On the upper controlling edges the concentrations of K+–glutamate−
and Na+–Cl− were 150 mM and 0 mM respectively, whereas on the lower controlling edges they were 0 mM and 150 mM. The pu was 500 kPa and pd was 0 Pa.
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tween cations and anions) changes similarly rapidly in the middle
where two halves with charges of the opposite polarity meet. Note
that its values are almost identical in charged parts of the unipolar, bi-
polar or uniformly charged nanopores, if the charged parts have the
same charge density and the spatial distribution is very little inﬂuenced
by the voltage bias. In uncharged parts it is very near zero. The voltage
bias largely determines what counter-ion dominates in uniformly
charged nanopores, but in unipolar nanopores the counter-ion fromthe compartment near the charged half dominates, whereas in bipolar
nanopores the counter-ion with the highest concentration in each half
is from the adjacent compartment.
Interest in individual nanopore ionic devices, such as ionic diodes
that rectify the ionic current, and ionic ﬁlters that can control what
ions are transported through the nanopore is growing [8,10,12,13,31].
Engineered nanopores often rectify. Even when the surface charges on
the wall are homogeneous the rectiﬁcation is observed if they are coni-
cally shaped [9,32]. Whether the resistance of long bipolar nanopores is
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Two ﬂuxes that start as counter-ion ﬂuxes are dominant (K+ in the upper half and Cl− in the lower half). K+ startsmoving downward largely near the negatively chargedwall of the upper half
of the nanopore, but in themiddle of the nanopore it moves radially towards the center, and continuesmoving downward but largely in the pore center. Themovement of Cl− is similar, but in
the opposite direction. The axial excessﬂux is quite uniformboth axially and radially. The current that traverses thepore is thus largely carriedby counter-ions and it is quite large. TheV
u
andV
d
,
and the pore wall charge density are as indicated. On the upper controlling edges the concentrations of K+–glutamate− and Na+–Cl−were 150 mM and 0 mM respectively, whereas on the
lower controlling edges they were 0 mM and 150 mM. At the upper controlling edges the pressure was 500 kPa and at the lower edges 0 Pa.
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themiddle of the pore (as both cations and anionsmove to the outside)
and is produced by the voltage bias. If the bias is regular both cations
and anions accumulate in the middle leading to large ionic current
and low resistance, and if it is reverse it leads to depletion [10,33].
This should lead to very high resistivity in themiddle of short cylindrical
bipolar nanopores under reverse bias, especially near thewall; i.e. in the
areas of high ion depletion. The extent of depletion of the total ion con-
centration is greater and the minimum reached is lower at higher
charge densities. However, thewidth of the depletion layer is narrower.
Even with regular bias (i.e., where the concentration and conductivity
are high within the nanopore) the total ion concentration dips near
the wall in the middle. However, if the bias is reverse the conductivity
will be much reduced not only in the areas of high ion depletion, but
probably throughout the nanopore [19].4.3. Ion ﬂuxes in uniformly charged and unipolar nanopores
To gain greater insight into what factors determine the pore's recti-
ﬁcation and its resistivity in general we explore its ionic basis, i.e., what
ion ﬂuxes dominate, what their spatial distributions are, and what
changes are induced by the pore wall charge patterning and voltage
bias. The ion ﬂuxes we evaluated in the axial direction are termed
axial ﬂuxes. We ﬁrst described ﬂuxes in uniformly charged nanopores
to evaluate changes induced by thewall charge patterning. As expected
in uniformly charged nanopores axial ﬂuxes change very little axially,
but the counter-ion axial ﬂuxes are greater near the wall (as are their
concentrations). The opposite is true for co-ions and their axial ﬂuxes.
As expected the radial proﬁles of all axial ion ﬂuxes at the upper and
lower virtual edges were found to be very similar.
Secretory vesicles are known to contain signiﬁcant amounts of Ca2+
[28]. Free intra-vesicular Ca2+ concentration changes during release of
the vesicular content, as the vesicular interior comes into contact with
the extracellular space. Although the resistance of the nanopore may
not be affected if Ca2+ is present in the vesicle, this still may conceal
the putative changes of the ionic and molecular ﬂuxes (K+, Na+, Cl−
and Ca2+ and glutamate−) through the nanopore. Such changes do
occur, but depend on the voltage bias, which determines which
counter-ion dominates the current through the nanopore. If the domi-
nant ﬂux is carried by K+ ions, it will be reduced, albeit modestly, and
will be ‘replaced’ by a smaller ﬂux of a Ca2+ (divalent cation). If Na+
ﬂux dominates the intra-vesiclular Ca2+ presence has only a marginal
effect.
In unipolar nanopores this simple rule (that the dominant counter-
ion ﬂux is carried by a counter-ion with the highest concentration)
breaks down. Whereas the voltage bias determines which counter-ion
ﬂux dominates, this is not necessarily the counter-ion with the highest
concentration within the charged half (which is the same as the
counter-ion in the compartment ﬂanking the charged half). With regu-
lar bias they are the same ion, and the ion ﬂux is high, although not as
high as in the uniformly charged nanopore. With reverse bias they dif-
fer, and the dominant counter-ion ﬂux may be much smaller than
with the regular bias. It is also much smaller than in the uniformly
charged nanopore with the same external voltage and the same pore
wall charge density.
The ﬂuxes are also inﬂuenced by the diffusion constants. Two
counter-ions in a positively charged nanopore are Cl− and Glu−, and
the diffusion constant of Cl− is 2.67 times higher than that of Glu−
(see Methods). If the lower half is charged (positively), the current
within the nanopore is approximately ﬁve times greater with regular
bias (Cl− ﬂux dominates) thanwith reverse bias (Glu− ﬂux dominates),
but if the upper half is charged the current does not depend much on
whether the bias is regular (Glu− ﬂux dominates) or reverse (Cl− ﬂux
dominates). Regardless, the rectiﬁcation ratio is in both cases low, as it
should be given that the nanopore is very short [32].Ionic selectivity was not the primary focus of this investigation. Nev-
ertheless, we emphasize that, whereas the long unipolar nanopores are
ion selective with current that is dominated by the counter-ion ﬂux of
the charged zone [33], in short nanopores other ions also contribute,
though not greatly. For example if the lower half is charged and with a
regular bias, the inward ﬂux of Cl− ions (counter-ions) is approximately
ﬁve times greater than the outward ﬂux of K+ ions (co-ions). If the bias
is reverse the outward ﬂux of Glu− ions is approximately four times
greater than the combined inward ﬂux of Cl− ions and outward ﬂux
of Na+ ions. An interesting ﬁnding is that in the charged half the Cl−
ﬂux near the wall and in the pore center go in opposite direction, and
the Cl− ﬂux only partly traverses the nanopore. Nevertheless, when
lower or upper half is charged the ions in the uncharged half are similarly
depleted if the bias is reverse. In conclusion, the rectiﬁcation in unipolar
nanopores results from the fact that with regular bias the counter-ion
ﬂux is carried by the counter-ions dominant in the charged half
(which is thus greater), whereas in the reverse mode it is carried by
the counter-ions not dominant in the charged half (which is thus
smaller).
As expected the radial proﬁles of axialﬂuxeswere found to be differ-
ent in charged and uncharged halves of the unipolar nanopore, but it is
surprising how quickly the change occurs. As can be seen from the axial
ﬂuxes they are fairly constantwithin each half of the nanopore (charged
or uncharged), but at the junction of the two halves the amplitude of the
ﬂux changes completely over a distance of 1–2 nm. Near the wall of the
unchargedhalf the counter-ionﬂuxes are lower (their radial proﬁles be-
come more uniform), whereas in the charged half their radial proﬁles
are quite non-uniform and higher near the wall.
Finally, we evaluated what contribution the convective, diffusive
and migratory ﬂuxes make to the overall ion ﬂux. We restricted our at-
tention to the counter-ion ﬂuxes, as these aremost often dominant. The
convective ﬂuxeswere found to be very small as the nanopores are nar-
row. Given that the concentration and the potential gradients are high
near the wall at the points where the charged and uncharged parts
meet, the diffusive and migratory ﬂuxes were also found to be high,
but they oppose each other and the resulting ﬂux was surprisingly
small. Within charged or uncharged halves the diffusive and migratory
ﬂuxes were much smaller, but add to each other.4.4. Ion ﬂuxes in bipolar nanopores
Similar factors (the potential gradient generated by the voltage bias,
the presence of ﬁxed charges on the pore wall, the concentration gradi-
ent) inﬂuence the ion ﬂuxes in bipolar nanopores. However, the charge
distribution is more complex and this leads to some surprising out-
comes. If the bias is reverse all ion ﬂuxes are small, but deserve careful
consideration. In a bipolar nanopore with a negatively charged upper
half and positively charged lower half, the K+ ion is a counter-ion in
the upper half of the nanopore. How does it move? The concentration
gradient would move it downwards, the voltage bias upwards and the
ﬁxed charges downwards and towards the wall. K+ ions move down-
wards in the pore center and upwards near the wall, and do not enter
into the lower half of the nanopore (the walls of the lower half are pos-
itively charged and the Vd is also positive). The ﬂux of K+ ions thus does
not contribute to the pore conductance. The Cl− ﬂux largely resembles
the K+ ﬂux. In the lower half (where Cl− ions are counter-ions) Cl−
moves upwards near the wall, but does not enter into the upper half
of the nanopore. Instead, Cl− ions move towards the pore center, and
in the pore center it moves downwards, and it thus also does not con-
tribute to the pore conductance. The movements of the co-ions Glu−
and Na+ are different. Glu−moves downwards in the upper half, and
as expected its ﬂux is highest in the pore center. In the lower part,
where it is a counter-ion, it continues moving downwards, but near
the wall. The Na+ ﬂux is the mirror image of the Glu− ﬂux. Na+ enters
from the lower compartment into the lower half of the nanopore, and
2153M. Tajparast et al. / Biochimica et Biophysica Acta 1848 (2015) 2138–2153being a co-ionmoves upwards largely in the pore center. Upon entering
into the upper half Na+ continues moving upwards, but near the wall.
The ion ﬂuxes are very different if the bias is regular. Both ion ﬂuxes
entering the nanopore as counter-ions are much larger than those if the
bias is reverse. The resulting current is their sum because one is a cation
and another an anion, but move in the opposite direction. Moreover,
their radial proﬁles complement each other (they are both counter-
ions and co-ions depending on where they are within the nanopore).
The combined excess ion ﬂux is thus fairly uniform radially throughout
the nanopore. The ﬂuxes of ions that enter the nanopore as co-ions are
very small and can be ignored. Finally, it should be noted that short bi-
polar nanopores are not selective. The current is carried by both cations
and anions as has also been demonstrated in long nanopores [18]. To
summarize, bipolar nanopores rectify because with reverse bias both
main contributors to the ion ﬂux start as co-ions in the corresponding
half of the nanopore and are very small. Those entering as counter-
ions do not go through the nanopore. In contrast with regular bias the
ﬂux is carried by ions entering as counter-ions, which are much greater.
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